Abstract. Long-term (1 month) observations of waves and currents over a natural reef are presented which show a strong correlation between offshore rms incident wave height and cross-reef currents at subtidal frequencies. The energy spectrum of the cross-reef currents shows a significant peak at twice the semidiurnal tidal frequency, while the spectrum of sea surface elevation over the reef flat shows no corresponding peak. Furthermore, experimental results reported by Goutlay (1993) show setup over the reef occurs in the absence of a beach, and the cross-reef transport decreases with an increase in the sea surface slope across the reef fiat due to a n' increase in setup at the top of the reef face. Analytic solutions for flow forced by wave breaking over an idealized reef explain the above features of cross-reef flows in the absence of a beach. Through the surf zone on the reef face the cross-reef gradient in the radiation stress due to wave breaking is partitioned between balancing an offshore pres. sure gradient associated with setup over the reef and forcing a mean flow across the reef. Over the reef fiat, where the depth is constant, there is no forcing due to wave breaking and the flow is driven by a pressure gradient which results from the setup through the surf zone. The magnitude of the setup through the surf zone is such that the transport across the reef flat matches the transport through the surf zone which is forced by the gradient in the radiation stress. Solutions are presented for general reef geometry, defined by the reef width and slope of the seaward reef face, and incident wave forcing, defined by the depth at the breakpoint and the depth of water over the reef. As the depth over the reef goes to zero, the solutions converge to the plane beach solutions described by Longuet-Higgins and Stewart (1964), wave setup is maximized, and the cross-reef transport is zero. In other cases the relative magnitudes of the setup and the cross-reef transport depend on the geometry of the reef and the incident wave forcing. 
Introduction
Shallow, submerged reefs subject to significant wave action are common throughout the Pacific and Indian Oceans. The region of the Great Barrier Reef in Australia stretches for 1600 km covering an area of 230,000 km 2 [Maxwell, 1968] . Estimates of the total number of reefs vary between 2500 and 3000 with an average area of 6.9 km 2 and a total reef area of 20,055 km 2 [Hopley et al., 1989] . The tidal range varies considerably throughout the reef with an average range of approximately 3 m. The reefs may be exposed at low spring tides, while at high tide the maximum water depth may be a few meters. Such reefs often surround lagoons and low atolls and provide protection from incident waves by dissipating the wave energy through the surf zone on the seaward side of the reef. Wave-induced setup and currents due to wave breaking over the reef could therefore Wave setup over coral reefs has been reported by Tait [1972] , Jensen [1991] , and Gourlay [1993] and has been explained using the concept of radiation stress introduced by Longuet-Higgins and Stewart [1964] . The gradient in the radiation stress through the surf zone over the reef is balanced by an offshore pressure gradient analogous to the plane beach solution described by Longuet-Higgins and Stewart [1964] and Bowen et al. [1968] . However, this mechanism cannot account for a downstream return to still water level which could be expected for a reef in an otherwise unbounded ocean. Alternatively, it has been sug- pressure gradient increasing as the current speed increases. In this case the mechanism driving the current and the initial increase in sea level is not accounted for. A complete theoretical treatment is needed which includes wave forcing over the reef incorporating both pressure gradients and currents and allows sea level to return to a "still" water level at a sufficient distance either side of the reef. In the limit as the depth over the reef goes to zero, the solutions should approach the well-known setup on a beach. In this paper we present a theoretical framework over an idealized reef which includes these features of the solutions.
Long-term observations of wave-driven flow over a shallow reef have not been reported previously, and in the next section we present some observations demonstrating features of the flow in this regime which have not been described elsewhere. We present some unique long-term observations of flow over a natural reef and discuss some interesting laboratory results reported by Gourlay [1993] . The theoretical model is described in section 3, followed by results in section 4 which provide an explanation of the unusual features of the observations and valuable insight into the dynamics of wave-driven flow over submerged reefs. Discussion and conclusions follow in sections 5 and 6, respectively.
Observations
In 1988 a unique measurement program was carried out on John Brewer Reef located approximately 70 km northeast of Townsville, Queensland (see Figure 1) . The experiment was designed to investigate wave attenuation and transformation across an exposed offshore reef and involved an array of surface-piercing wave staffs, current meters, and wave rider buoys. The instrument array and observations of wave attenuation and transformation have been reported by Hardy et al. [1990] and Hardy [1993] . The experimental program ran for approximately 1 month, providing a unique opportunity to examine the variability in wave-driven, cross-reef currents due to tidal variations in sea level and wave height variations associated with passing weather systems. Only those instruments relevant to our particular application are shown in Figure 1 . An offshore wave rider buoy was located 500 m seaward of the reef edge at a depth of 50 m (site W 1 in Figure 1 ). The wave rider had a sampling rate of 2.56 Hz and recorded 2048 points (approximately 13 min) every hour throughout the experiment. Sea surface elevation was measured at the seaward edge of the reef flat at site S1 using a wave staff based on the technique described by Zwarts [1974] In Figure 2 are shown the low-pass-filtered cross reef currents at site S4 and the corresponding low-pass-filtered rms wave heights from the wave rider at W l. A Chebyshev type I low-pass filter with a half-power point at 0.04 cycles per hour was used to remove the tidal component from the observed currents. The data clearly show that the cross-reef currents at subtidal frequencies are highly correlated with the offshore rms wave height. For convenience, positive cross-reef currents here are directed into the lagoon. The two periods of negative or offshore directed currents over the reef are associated with very low waves. The corresponding correlation coefficient is 0.92, demonstrating a strong linear relationship between offshore wave height and cross-reef currents. The along-reef currents were found to be poorly correlated with offshore wave height.
The power spectrum of the unfiltered cross-reef currents is shown in Figure 3 The use of linear friction allows analytic solutions of (7) and (8) In this paper we solve ( The bathymetry is shown in Figure 5d , and the surf zone is defined by the region between x* = 1 and x* = 2. The gradient in the radiation stress through the surf zone accelerates a current up the slope and produces a setup (see Figure 5a ) at the seaward edge of the reef flat. The resulting pressure gradient across the reef flat forces a cross-reef flow to match the transport through the surf zone. Seaward of the surf zone, there is a corresponding set down to produce a pressure gradient such that the transport h'u* is constant across the model domain (0 < x* < •) as shown in Figure  5c . As mentioned in the previous section, the nondimensional setup over the reef is independent of friction. While there is remarkably good agreement between the observed and model-derived currents, the fit is not unique in that a similar result can be obtained by suitably changing X r and r. For example, increasing Xr to 500 m with a corresponding decrease in r to 0.1 produces a similar fit to the one shown in Figure 11 . In this latter case, if the setup at the edge of the reef flat is of order 10 cm, then the sea surface slope across the reef flat would be of order 2 x 10-4 which is too small to resolve in the present data. Furthermore, high friction factors over reefs have been reported previously, and considerable uncertainty exists over actual values which will probably vary from site to site. The values for Xr and r used here are, at best, order of magnitude estimates. Regardless of the actual parameter values used, the agreement between model and observations is very good, particularly since current variability over these timescales is also associated with other processes such as wind forcing and coastaltrapped waves. It is beyond the scope of this paper to examine these other processes.
Discussion
Through the surf zone over a shallow reef the wave momentum lost through breaking is balanced by an offshore directed pressure gradient and a cross-reef flow. The results in the previous section demonstrate how the momentum is partitioned between the pressure gradient and cross-reef flow as a function of the ratios R • and R 2. On the reef flat the magnitude of the cross-reef transport depends on the pressure gradient across the reef which is determined by the setup at the seaward edge of the reef flat and the reef width. Increasing the pressure gradient across the reef must result in a corresponding increase in the offshore directed pressure Figure 12 for the case Xr = 1 O0 m and tan/3 = 0.1. In this case, solutions for a given breakpoint depth h b are calculated and the parameter R• is replaced by the depth over the reef H. As in Figure 8 , the different curves correspond to the breakpoint depths as shown. As h b increases, the setup increases (Figure 12a ). For a given h b, as the depth over the reef flat increases, the setup decreases (Figure 12a ). As the depth over the reef approaches zero, the setup approaches the plane beach setup which can be calculated using (6). The depth over the reef flat at which the cross-reef transport (Figure 12b ) is a maximum increases as the breakpoint depth, and hence the incident wave height increases. Therefore on a given reef the stage of the tide at which maximum wave-driven cross-reef transport occurs depends on the incident wave height. 
Conclusions
This paper examines the wave-driven component of crossreef flows. The linear model agrees remarkably well with the observations and, more importantly, demonstrates how the relative magnitudes of the currents and setup depend on the geometry of the reef and the magnitude of the forcing. The choice of scaling demonstrates that well-known solutions for a plane beach can be obtained as asymptotic solutions of the model presented here. Furthermore, the model provides an explanation of the following and previously unreported features of cross-reef flows from laboratory and field studies: (1) a strong correlation between offshore wave height and cross-reef currents at timescales greater than a day; (2) a modulation of the cross-reef currents at twice the tidal frequency while sea surface elevation over the reef is not modulated; and (3) a decrease in cross-reef flow associated with an increase in the sea surface slope across the reef flat. In addition to explaining the above observations, the model also predicts a modulation of sea surface elevation seaward of the surf zone at twice the tidal frequency, while a similar modulation is not predicted over the reef flat. Tidal analysis of currents and sea level over a reef subjected to significant incident wave action could therefore produce spurious results due to these wave-forced effects. The model also predicts set down seaward of the surf zone which is not associated with wave shoaling. This set down occurs to provide a pressure gradient offshore to maintain a transport to match the cross-reef flow resulting from wave breaking through the surf zone.
